Hollow carbon nanofibers (HCNFs) were prepared by electrospinning method with several coaxial nozzles, in which the level of the inner nozzle-end is adjustable. Core/shell nanofibers were prepared from poly(methyl methacrylate) (PMMA) as a pyrolytic core and polyacrylonitrile (PAN) as a carbon shell with three types of normal (viz. inner and outer nozzle-ends are balanced in the same level), inward, and outward coaxial nozzles. The influence of the applied voltage on these three types of coaxial nozzles was studied. Specific surface area, pore size diameter, crystallinity, and degree of graphitization of the hollow and mesoporous structures of carbon nanofibers obtained after carbonization of the as spun PMMA/PAN nanofibers were characterized by BET analyses, X-ray diffraction, and Raman spectroscopy in addition to the conductivity measurements. It was found that specific surface area, crystallinity, and graphitization degree of the HCNFs affect the electrical conductivity of the carbon nanofibers.
Background
Carbon nanofibers (CNFs) have attracted considerable attention in recent years because they have superior mechanical strength and excellent electronic properties [1, 2] due to their unique structures, which are low grain boundary, 1D structure with high alignment and high surface area to volume ratio. Therefore, because of their unique properties, the CNFs are interesting materials for various applications such as photocatalysts [3, 4] , electrodes for supercapacitors [5] [6] [7] , rechargeable lithium-ion batteries [8] [9] [10] , photovoltaic cells [11, 12] , capacitive deionization process [13] , and selective screening [14] . Moreover, their properties can be improved by appropriate selection of precursor material, production process, and treatment. Physical properties of the obtained nanofibers are mostly attributed to their morphology, fiber diameter, and specific surface area.
Some researchers studied the method to increase the specific surface area by fabrication of the nanofibers with a hollow structure [9] [10] [11] [12] [13] [14] [15] [16] or increase of porosity [8, [12] [13] [14] [15] [16] . Among the methods for preparation of hollow nanofibers, coaxial electrospinning is one of promising techniques. Since it has many advantages such as non-electrospinnable materials can be fabricated, core and shell materials can be flexibly designed to suit with various applications, process instruments or electrospinning conditions also can be adjusted. In addition, it has an ability to form a hollow structure by post spinning removal of core polymer. Hollow carbon nanofibers (HCNFs) produced from bi-component polymer in the coaxial technique represent a new generation of the CNF structures with double the surface area, which benefit to increase the surface area without chemical modification to maintain the chemical stability of the carbon materials [13] .
Many studies have been focused on the enhancement of the surface area or the improvement of the morphology of the electrospun nanofibers by improving production process [12] , treatment process [6, [17] [18] [19] [20] [21] , couple of precursor materials [22, 23] , precursor solution concentration, type of solvent [24] , adjusting the electrospinning conditions including solution flow rate, applied voltage, distance to collector, or characterization techniques for core/shell structure [25] [26] [27] . Little attention has been focused on the improvement of coaxial electrospinning nozzle itself. In this study, we used the coaxial nozzles, in which the level of the inner nozzle-end can be adjustable to clarify the effect of the balance level of the inner and the outer nozzle-ends on the physical properties (e.g., morphology, specific surface area, crystallinity, and graphitization degree), which will also affect the electrical properties of the obtained HCNFs.
Many researchers paid effort to clarify the influence of the electrospinning voltage on the properties of the obtained fibers. However, the affection of the applied voltages on the diameter of electrospun nanofibers is a little controversial. Several researchers found that a higher voltage could facilitate an increment of fiber diameters, which may be caused by the faster extraction rate [28, 29] . Some groups, for example, Reneker and Chun [30] , reported that the applied voltage has no significant effect to an electrospinning of the nanofibers made of poly(ethylene oxide)s, while some groups, for example, Yuan et al. [31] , suggested that an increase of applied voltage results in an increment of electrostatic repulsive force on charged jet. This stretching then causes the smaller diameters of the obtained nanofibers. Not only the fiber diameter but also other properties such as degree of alignment and probability of the formation of beads were affected by the applied voltage. For example, Rouhollah et al. [32] demonstrated that electrospinning jet start to form at low applied voltage of 8.5 kV though electrostatic forces was not strong enough to keep continuous jet. By increasing the applied voltage, the degree of alignment of the nanofibers was also Table 1 SEM images of the as spun nanofibers as a function of applied voltage increased. The optimum voltage for electrospinning of PAN nanofibers was between 10-13 kV, while the effects of voltage on the formation of beads on the nanofibers were studied by Deitzel et al. [33] . From their results, along with the increase of the applied voltage, the density of beads was increased. The authors attributed this result to the change of originated jet fluid at the nozzle-end. The pull-outed solution and the supplied solution from the syringe-pump at the nozzle-end was imbalanced resulting in the formation of the beads. Controversially, Zuo et al. [34] studied the effect of applied voltage on the bead formation. They found that with the increase of the voltage from 10 to 26 kV, the average size of the beads in the PHBV fibers were reduced from 14 to 8 μm, respectively. These findings can be concluded that when all related parameters were maintained constant, however, the optimum range of the applied voltage still varies and depends upon internal factors such as the components of electrospinning fluid including various kinds of polymers and solvents.
For the coaxial electrospinning, the effect of applied voltage might align in the same trend. Many research groups demonstrated that when the applied voltage is increased, the diameter of the fibers was decreased. In the meanwhile, the core diameter of electrospun core/shell fibers was also decreased [35, 36] . Viness et al. [37] reported that the diameters of the electrospun fibers were decreased, and by increasing the applied voltage up to some saturated values, then the fiber diameters were increased. In this work, the applied voltage for the three types of nozzle-ends for coaxial electrospinning was optimized in terms of preparation of homogeneous carbon nanofibers with high electrical conductivity. , Sigma-Aldrich) were used as thermally degradable core precursor and carbonizing shell precursor, respectively. The polymers were dissolved separately in N,N-dimethylformamide (DMF; 99.5 %, Wako), where the concentration of PMMA and PAN were 10 and 12 wt%, respectively. Composite nanofibers of PMMA/PAN were prepared by in-house designed coaxial nozzle electrospinning which adjustable inner nozzle-end for 1 mm inward and outward direction compared to the outer nozzle. To study the influence of inner/outer nozzle-end level, the inner nozzle was set to three levels as shown in Fig. 1 . The outer and inner diameters of the nozzles are 1.20 and 0.58 mm, respectively. The nozzle-end-to-collector distance was 20 cm, and the flow rates of inner (PMMA) and outer (PAN) precursor solutions were 1.0 and 2.0 mL h −1 , respectively. The applied voltage was varied from 10 to 25 kV to study its effect on the morphologies of the obtained PMMA/PAN composite nanofibers, as spun PMMA/PAN composite nanofibers were thermally treated for oxidative stabilization for 30 min after increasing temperature to 250°C at a rate of 5°C min −1 in air, carbonized for 1 h at 800°C in nitrogen, and finally heated at 1000°C in nitrogen for another hour to obtain the HCNFs. For comparison, the normal CNFs were also prepared by electrospinning of PAN solution (12 wt%) using single nozzle (20 G, 0.9 mm) with a flow rate of 1.0 mL h −1 under the same electrospinning conditions. The stabilization and carbonization process was also carried out under the same conditions as the HCNFs.
Characterization
The morphologies of the samples were observed by field emission scanning electron microscopy (FESEM; Hitachi SU-6600). High-resolution images were obtained from transmission electron microscopy (TEM; JEOL JEM-2100) operated at 200 kV. The physical adsorption properties were determined by N 2 adsorption/desorption measurements (BEL Japan, BELSORP 18). The Brunauer-Emmet-Teller (BET) method was used to determine the specific surface area (SSA), the pore volume and the pore size of the HCNFs and CNFs. The crystallinity and the degree of graphitization were investigated by X-ray diffraction analysis (XRD; Rigaku, Smartlab) and Raman spectroscopy (Ocean Optics, QE Pro High Performance Spectrophotometer, λ = 785 nm). From C(002) peak of XRD spectra, we can calculate the interlayer spacing (c/2) of the carbon nanofiber by Bragg's law and the crystallite size along the c-axis (L c ) by Scherrer's equation. The graphitization degree of the carbon nanofiber was determined by I d /I g ratio, which is the ratio between the peak intensity of the disordered carbon (1355 cm −1 ) and graphitic carbon (1575 cm −1 ) from Raman spectrum [38] , the crystallite size along a-axis (L a ) then were calculated from I d /I g ratio.
The conductivity measurement was carried out using two-electrode cells. A paste of grinded carbon nanofibers were prepared by mixing 0.1 g of HCNFs and 0.04 g of polyethylene glycol (PEG; M w : 7300∼9300, Wako) into 0.6 mL of ethanol/water. The HCNF paste was spread on an ITO-coated glass substrate (Geomatech, 10 Ω/sq, thickness 1.1 mm) by the doctor-blade technique using adhesive tape masking to control the thickness. The concise layer thickness was measured by 
Results and Discussion
To confirm the effect of applied voltage on the PMMA/ PAN composite nanofibers obtained from three different nozzle-end configurations. The applied voltage was varied from 10 to 25 kV while the other factors including the collecting distance and solution flow rates were kept constant. The morphologies of obtained as spun composite nanofibers were shown in Table 1 .
As indicated in SEM images, the effect of voltage shows the same trend for all three configurations of the nozzle. The good morphologies of PMMA/PAN nanofibers (smooth and uniform in the distribution of the sizes) were obtained from the coaxial nozzle electrospinning at 15 kV. At a lower applied voltage of 10 kV, the injection was occurred after an electrospinning solution was agglomerated at the end of the nozzle, retarded for a while until the electrostatic force was strong enough to inject the solution jet. The initial agglomerated shape may cause some difficulties for the solution jet to form the continuous compound of Taylor's cone at the end of the nozzle. Therefore, the obtained nanofibers show a non-uniform beaded fiber morphologies and some nanofibers were fused together as a bundle of fibers. For the coaxial electrospinning at higher voltage of 15-25 kV, composite nanofibers with no beads and more uniform morphologies were obtained. However, when the applied voltage was increased greater than 20 kV, the extraction rate of the precursor solution was too high and the solution was collected and accumulated at the collector before the evaporation of the solvent. Therefore, wet nanofibers were fused onto the aluminium foil collector or fused together resulting in the bundle morphologies. From the obtained results, we used the applied voltage at 15 kV for further experiment.
For comparison, the morphologies of as spun PAN nanofibers from single nozzle electrospinning were also observed by SEM as shown in Fig. 2 . The PMMA/PAN nanofibers from all three types of coaxial nozzleconfigurations (at voltage of 15 kV) ( Table 1 ) and PAN nanofibers (Fig. 2a) exhibit continuous fibrous morphology with diameters ∼1.16 and ∼0.80 μm, respectively. However, we can observe some wrapped morphology on the PMMA/PAN nanofibers, which was generated by the instability of the jet fluid during electrospinning [6] because of the difference in solubility and conductivity of the inner and outer polymer solution. Whereas for the PAN nanofibers, uniform morphology and relatively smoother surface was observed as shown in Fig. 2b .
The TEM images of the as spun PMMA/PAN composite nanofibers obtained from coaxial electrospinning with different inner nozzle-end levels were shown in Fig. 3 . All coaxial nozzle electrospinning samples exhibit the core-shell morphology, which the core portions were uniformed along the center of the nanofibers. The overall diameter and core diameter of the PMMA/PAN nanofibers are summarized in Table 2 . From the table, the PMMA/PAN nanofibers produced from outward coaxial nozzle reveal the largest nanofiber diameter and smallest wall thickness compared to normal and inward coaxial nozzle systems. This may be due to the inner nozzle-end which was set to the closer distance to the aluminium collector, generating more electrostatic force that pulled the inner fluid out of the nozzle. At the fixed electrospinning flow rate of core and shell solutions, the pulled out rate of both precursor solutions in the outward coaxial nozzle system might be much higher than those in the cases of normal and inward coaxial nozzle system, leading to a larger diameter of the nanofibers. In addition, the inner fluid was pulled out at a faster rate than the outer fluid, resulting in the stronger shear force between inner and outer fluid during coaxial electrospinning. Therefore, the PMMA/PAN nanofibers obtained from the outward coaxial nozzle system reveal much smaller wall thickness than the other systems and thus can improve their specific surface area.
After electrospinning, the as spun nanofibers were stabilized and carbonized to obtain the carbon nanofibers. In this process, the as spun nanofibers were stabilized in oxygen atmosphere for a greater stability to sustain at higher temperature [17] . When increasing the temperature, the PAN crystal structure was almost completely destroyed and a thermally stable ladder polymeric structure was formed. The hollow structure in the HCNFs after thermal treatment was generated by thermal stability difference between the two precursor solutions. At high temperature, the PMMA core portion was totally decomposed to gaseous products without remaining residual material [13] . The gaseous products were leaked out of the nanofibers which also leads to an increment of the microporous structure on the surface of the HCNFs [8] .
The SEM images of the surface of the CNFs and the HCNFs after the stabilization and carbonization process show some rough surface as shown in Fig. 4 . For the HCNFs, the hollow morphology could be observed in some nanofibers (as shown in Fig. 4b ). This may occur if the core portion of the nanofiber was not at the center, but on the edge of the PMMA/PAN nanofibers during electrospinning.
The hollow morphologies were observed clearer in the TEM images as shown in Fig. 5b-d . The maintenance of core/shell structure is originated from immiscibility and thermal stability differences between PMMA and PAN during coaxial electrospinning and thermal process [15] . The formation of a hollow structure leads to the enhancement of specific surface area over the solid nanofibers (Fig. 5a ). The rough surface was observed both inside and outside of the walls of all HCNF samples. This rough appearance indicates the existence of a mesoporous structure, which originated from penetration of some PMMA core to PAN shell portion during the thermal treatment [11] . As shown in Table 2 , the overall diameters of the obtained HCNFs from different nozzle-end levels show no significant difference. However, the overall diameter of the HCNFs produced from the inward coaxial nozzle is slightly bigger as shown in Fig. 5b . Moreover, the shrinkage of the size diameter of the HCNFs from the inward coaxial nozzle electrospinning was only 49.30 % of their initial nanofiber diameter. This indicates that the as spun nanofibers composed of large amount of PAN shell portion and more stable in core/shell structure without core collapse morphology. In the inward coaxial system, the outer nozzle-end was set to a closer distance to the aluminium collector, which is not only pulled out the PAN solution with a high amount but also cause the PAN outer solution to form the stable compound of Taylor cones to support the inner fluid, resulting in a good stability of the core/shell structure. Meanwhile, the TEM morphology of the HCNFs produced from the outward coaxial nozzle system shows some non-uniform core/shell structure as shown in Fig. 5d . The following two factors may have partially contributed to the non-uniform core/ shell structure. Initially, the PMMA core portion with lower concentration than the PAN shell portion but was pulled out with higher electrostatic force may cause the instability of jet solution during electrospinning. Thereafter, the smaller amount of the PAN solution is not enough to stabilize the compound of Taylor cones. However, this structure may have benefits for some physical properties such as an increase of the specific surface area as shown in the N 2 adsorption measurement.
The N 2 adsorption isotherms (Fig. 6) show that the HCNFs produced from the inward coaxial nozzle and normal coaxial nozzle systems have a typical type-I pattern (monolayer adsorption) which indicates the presence of micropores. While the HCNFs produced from the outward coaxial nozzle and the CNFs produced from a single nozzle exhibit a type-IV isotherm (monolayer followed by multilayer adsorption), which indicates the presence of not only the micropores but also mesoporous structures [11] . From the results as shown in Fig. 6 , the outward coaxial nozzle system can produce the HCNFs with highest N 2 adsorbed volume (almost twice of the single nozzle). The BET surface area, total pore volume and average pore diameter of the HCNFs and CNFs are summarized in Table 3 . From the table, the hollow morphology and porosity of both inside and outside of the walls of the HCNFs were effected to the specific surface area and pore volume of the samples. Therefore, all HCNFs samples show much larger specific surface area as compared to that of the normal CNFs. The HCNFs produced from the outward coaxial nozzle reveal the largest surface area of 278.56 m 2 g −1
, which is 1.69 times larger than that of the CNFs from single nozzle electrospinning. This value is also larger than those of the hollow carbon nanofibers fabricated by the same bicomponent system of PMMA and PAN reported previously [13] . Figure 7 shows the XRD patterns of the HCNFs from the three types of coaxial nozzle and CNFs from single nozzle electrospinning. The structural features derived from XRD peaks and Raman spectrum of the samples are summarized in Table 4 . From the results, the C(002) peaks were observed at 2θ around 24-26°indicate graphitic ordered structure of carbon. All samples show very board C(002) peak as well as large interlayer distance (c/2) than graphitic carbon (0.335 nm) and turbostratic carbon (0.344 nm) [39] . This suggested that the HCNFs and CNFs from the present work can be classified as amorphous carbon with quite low crystallinity. However, this enlarged interlayer distance of the carbon nanofibers was suitable with some applications such as anode material for sodium-ion batteries [40] since it provides high initial Coulombic efficiency, excellent rate capability, and stable cyclability. Among all samples, the HCNFs from normal coaxial nozzle show the higher C(002) peak intensity, 2.11 and 1.21 times than that of the HCNFs from inward and outward coaxial nozzle, respectively. The increase of C(002) peak intensity of the HCNFs from normal coaxial nozzle suggests the better orientation of the graphitic plane as compared to the HCNFs from inward and outward coaxial nozzle. Decrease of C(002) peak broadening (FWHM) is reflected by the decrease of I d /I g ratio and the increase in crystallite size (both L c and L a ). Increase of the graphitization degree and crystallite size of the HCNFs from normal coaxial nozzle may arise from the smoother flow of both core and shell polymer solutions, which were pulled out from the same comparative levels of nozzle-end configuration.
The electrical conductivity of the obtained HCNFs and CNFs are shown in Table 5 . Comparison with the CNFs from single nozzle electrospinning, all HCNFs samples show relatively lower electrical conductivity. Differences of the thickness among the prepared samples may have affected each of the electrical conductivities. Considering the conductance values, the HCNFs produced from the outward coaxial nozzle also show a much higher value than the CNFs produced from the single nozzle.
Among the hollow nanofibers, the HCNFs produced from the outward and normal coaxial nozzle show higher electrical conductivity (675 and 648 S m , respectively) almost two orders of magnitude than that of the HCNFs produced from the inward coaxial nozzle system (376 S m
−1
). The high electrical conductivity of the HCNFs produced from the outward and normal coaxial nozzle may be ascribed to different reasons. For the HCNFs produced from the outward coaxial nozzle, the major contribution is its high specific surface area to volume ratio ( Fig. 6 and Table 3 ). The hollow morphology and large amount of mesoporous and microporous structure on both inside and outside of the walls play an important role to increase the electrical conductivity [7, 8, 11] . Whereas in case of the normal coaxial nozzle, a high electrical conductivity of the HNCFs may result from a well-ordered structure with a higher graphitization degree [12, 17, 41] . The conductivity of the HNCFs and CNFs from the present work (between 370 and 1100 S m . The higher electrical conductivity is mainly influenced by its higher orientation of the graphitic planes, which they suggested to be increased by an increment of synthesis temperature of the carbon nanofibers. The great effect of graphitic plane orientation also reported by Maita et al. [42] that the conductivity value of the composite nanofibers were increased almost two orders of magnitude by an increase of the degree of graphitization (I g /I d ). Based on the abovementioned facts, we can imply that an increase of the electrical conductivity comes from the mixed contribution of the graphitic plane orientation and the surface area or the porosity of the HCNFs.
Conclusions
We have clarified the influence of the applied voltage on the coaxial electrospinning of the PMMA/PAN composite nanofibers with different levels of inner nozzle-end and studied the effect of the levels of inner nozzle-end on the morphologies and physical properties of the obtained HCNFs. By using the outward coaxial nozzle system, we could produce the HCNFs with highest specific surface area of 278.56 m 2 g −1
, which is 1.69 times larger than that of the CNFs from single nozzle electrospinning. The XRD peaks and Raman spectrum of the HCNFs produced from normal coaxial nozzle electrospinning exhibit much higher crystallinity and graphitization degree as compared to the inward and outward coaxial nozzle systems. The high electrical conductivity of the HCNFs obtained from the outward and normal coaxial nozzle systems confirm that the electrical conductivity were affected by both of the porosity and the graphitization degree of the nanofibers.
Abbreviations BET: Brunauer-Emmet-Teller; c/2: interlayer spacing; CNFs: carbon nanofibers; DMF: N,N-dimethylformamide; HCNFs: hollow carbon nanofibers; L a : crystallite size along the c-axis; L c : crystallite size along the c-axis; PAN: polyacrylonitrile; PEG: polyethylene glycol; PMMA: poly(methyl methacrylate); TEM: transmission electron microscopy; XRD: X-ray diffraction.
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